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Introduction
Northern peatlands are an important carbon store, holding around one third of the global soil carbon stock (Gorham, 1991) . For peatlands to accumulate organic matter, and thus sequester carbon from the atmosphere, the overall loss of carbon from the system through the combined decomposition of plant litter and peat must be lower than C input via litter production and vascular plant root exudation (Frolking et al., 2010; Limpens et al., 2008) .
Decomposition is the breakdown of organic matter. It can be due to one or a number of physical, chemical or biological processes. Carbon dioxide (CO2), dissolved organic carbon (DOC), nutrients and stable hummus are among the principal final products of decomposition (Bragazza et al., 2009) . Carbon is primarily lost as CO2 in peatlands .
However, additional losses in the form of methane (CH4), produced during anaerobic decomposition, and DOC to aquatic systems can be an important component of the peatland carbon balance in some areas (Köehler et al., 2011) . The speed and final product of the decomposition process is dependent on the chemistry of the organic matter, and the environment in which it decomposes (Limpens et al., 2008) .
Understanding how peat and plant litter decomposition could be affected by climate change, specifically changes in temperature and rainfall, is key to an improved understanding of how the peatland carbon source/sink status could change during the 21 st century. Northern peatlands are typically dominated by remains of mosses of the genus Sphagnum, a bryophyte (Turetsky, 2003) . Sphagnum has played an important role in peatlands becoming such a large carbon sink. Not only does the recalcitrance of its litter mean that it keeps C in the system for longer, but the presence of Sphagnum maintains acidic, nutrient poor conditions which make it difficult for plants with more labile litter to establish themselves (van Breemen, 1995) . work has so far been conducted on the total flux of carbon and the partitioning between gaseous and fluvial losses from different peatland plant species. This partitioning is an important parameter to include in carbon cycle models, particularly for climate change modelling as there is likely to be a lag between DOC release from the soil and its incorporation into the atmospheric pool, as in-stream processing can lead to the temporary storage of C within the aquatic system (Hope et al., 1994 ). An understanding of partitioning of carbon losses between aquatic and gaseous fractions from different vegetation sources is also important for predicting whether catchment management programmes aimed at restoring certain species have the desired holistic effects of improving drinking water quality (including enhanced C sequestration) and do not result in environmental problem-shifting.
Decomposition of litters in the field is traditionally measured using the litter bag technique (Bragazza et al., 2009; Wieder and Lang, 1982) . Litter of a known mass is enclosed in mesh bags with openings large enough for decomposers to access the food source, but small enough to prevent the physical loss of litters. Samples are incubated in the field, either on, or just below the soil surface (Johnson and Damman, 1991; Moore et al., 2007 ) and decomposition rate is quantified via mass loss or changing nutrient quotients of the litter (Keuskamp et al., 2013 Freeman et al. 1993 ), in isolation. The effect of interactions between changes in temperature and rainfall on the decomposition of peatland litter is not currently well understood (Breeuwer et al., 2008) . A gradient based mesocosm study measured increased C soil respiration in mesocosms transplanted to a warmer, drier location (Bragazza et al., 2016) . However, isolating the effects of climatic variables such as temperature and rainfall from other confounding variables can be difficult in the field as these factors naturally co-vary. It is also difficult to separate the effects on different litters and measure the relative decomposition from different sources in the field or in intact mesocosms. To address this, previous studies have incubated soils or litters from wetland sites in isolation, notably Moore and Dalva (2001) , Neff and Hooper (2002) and Wickland et al. (2007) . This was the approach taken here.
A better understanding of the sensitivity of different peatland litters to changes in temperature and rainfall regime is needed to enable predictions of the impact of climate change on the stability of peatland carbon stocks, and to support better parameterisations of models that simulate past, current and future climate (Frolking et al., 2010; .
Therefore, the objectives of this research were as follows: (1) assess how litter decomposition rates varied between common ombrotrophic peatland plant species (Calluna vulgaris, Molinia caerulea, Sphagnum moss, and mixed litter) compared to peat; (2) determine the relative importance (or partitioning) of gaseous (i.e. CO2) versus aquatic (DOC) fluxes during decomposition with respect to plant species and peat; (3) evaluate the importance of simulated temperature and rainfall changes on controlling total decomposition, C fluxes and partitioning between CO2 and DOC. This final objective links to another study (Ritson et al., 2014) , which used the same experimental treatments to examine the impact of climate change on the treatability (for potable water supply) of dissolved organic matter.
Methods

Field site and sample collection
In the south-west UK, blanket peat covers large parts of the upland areas and constitute an important store of C (Parry and Charman, 2013) . These blanket peatlands represent the southern-most blanket peat in the UK and are considered climatically marginal 
Sample preparation
Samples from each vegetation class (Calluna vulgaris, Molinia caerulea, mixed litter
and Sphagnum spp.), were cut into 2-3 cm sections and mixed thoroughly within their class.
Any material not from the target group was removed. Once sorted, cut and homogenised, the vegetation samples were left to air-dry in the laboratory to constant mass .
The structure of peat is permanently altered when dried, becoming hydrophobic (Holden and Burt, 2002) . For this reason, the peat was treated differently to the other substrates and was kept refrigerated and at field moist conditions prior to the experiment.
Air-dried sub-samples of each plant species and field moist peat (n = 5) were oven dried at 70
°C for 24 h to determine an air-dry to oven-dry conversion factor. This conversion factor was applied to estimate the oven-dry weight of samples at the beginning of the simulation. These oven dry samples were analysed for litter quality (see methods below; Table 1 ).
Experimental design
Experimental set up
Polypropylene Buchner funnels (Thermo Scientific, USA) were filled with approximately 2 g dry-weight of air-dry vegetation or 10 g homogenised peat. The stem of the funnel was packed with acid washed glass wool to ensure no loss of particulates, and each
Buchner funnel was placed above an amber-glass bottle to collect leachate, for separate analysis (see Ritson et al., 2014) . The climate control facilities comprise two versatile environmental test chambers (Panasonic MLR-352H). The incubators were set to cycle between 12 h at the mean daily maximum and 12 h at the mean daily minimum temperature.
Deionised water was applied in amounts equivalent to the monthly rainfall, with a dispenser set to the required volume based on the area of the Buchner funnel top. This was applied gradually and evenly, over approximately 30 seconds, taking care not to disturb the samples.
Experimental design
The experiment was set up as a factorial ANOVA design, where substrate, temperature and rainfall were the treatment factors in a 5 80 % in July, 79 % in August; for rain days: 12 in July and 14 in August). The rainfall total for each month was split evenly between the rain days (resulting in irrigation amounts ranging between 4.2 mm and 8.4 mm per event, or 19 and 38 ml, depending on treatment and month), and the amounts were applied every 2-4 days. The conversion from mm to ml was based on the area of the funnel.
Measurements
Carbon dioxide evolution
At eight points during the experiment (on days 2, 7, 10, 17, 31, 45, 50, and 60 after the start of the incubation) samples were analysed for CO2 efflux. Samples were taken out of the incubators individually and the top part of the Buchner funnel, containing the sample, was removed and placed into an airtight container (Lock&Lock, South Korea) which was connected to an infra-red gas analyser, IRGA (8100A, LI-COR, USA). Samples were removed for measurement in a random order to avoid the introduction of systematic measurement error.
Observations with the IRGA lasted for 2 minutes during which time the concentration of CO2 in the chamber (water vapour compensated) was measured every second, and the samples were out of the incubators for a maximum of 5 minutes. The rate of change in CO2 concentration in the headspace during the 2-minute measurement period was used to calculate the instantaneous flux by applying a linear regression. The IRGA system was allowed to purge for a minute between samples, and a 30 second deadband (a period where the IRGA is running without the measurements being used in the flux estimate) was introduced at the beginning of each measurement to allow for adequate mixing of air in the headspace. The CO2
time series for each sample was analysed separately, and the deadband was adjusted where necessary. All flux estimates were derived from a minimum of 60 consecutive CO2
concentration measurements (i.e. 60 seconds). Individual flux estimates were converted to mg CO2-C g C -1 day -1 . Cumulative CO2 flux over the course of the two month experiment was calculated for each sample based on a linear interpolation of fluxes between the successive measurements (Neff and Hooper, 2002) , expressed as mg CO2-C g C -1 .
Dissolved organic carbon
DOC analysis was performed on the cumulative leachate collected at the end of the simulation period. Samples were filtered through a GF/F filter (Whatman, UK) with a nominal pore size of 0.7 µm, acidified to ~pH 2 with HCl and stored at 4°C prior to analysis. Organic carbon content was measured as non-purgeable organic carbon (NPOC) using a total organic carbon analyser (Shimadzu TOC-V, Japan). Calibration and quality control checks were run daily from freshly prepared standards and samples were analysed within one week of the end of the simulation. Organic carbon concentration (mg L -1 ) was converted to DOC leached (mg) based on the volume of leachate collected. As temperature and rainfall treatment affected the volume of sample collected, this was then reported as mg DOC-C g C -1 , based on the starting dry mass and initial C content of each sample.
Mass loss
At the end of the two-month incubation period, samples were removed from the incubators, dried at 70 °C for 48 h and weighed. C loss was estimated based on the starting mass and starting C content, as well as the end mass and end C content. This was expressed as mgC g C -1 .
Litter quality analysis
The oven-dry subsamples from the beginning, and all samples from the end of the experiment were ground using a laboratory disc mill with an agate barrel (Tema Machinery Table 1 ). For further reading on using NMR analysis for environmental research, see Simpson et al. (2011).
Statistical analysis
All statistical analyses were carried out using R version 3.0.2 (R Core Team, 2015) and plots were generated using the ggplot2 package (Wickham, 2009 ). The experiment involved a three-way analysis of variance (ANOVA) design where temperature, rainfall and substrate
were the experimental factors. The effect of these factors, and their interaction, on response variables of CO2 flux, mass loss, DOC leached and CO2:DOC ratio production was analysed (Table 2) . A Fligner-Killeen test was performed to determine that there was equal variance between groups, and residuals were checked for normality. Carbon dioxide flux, DOC flux and CO2:DOC ratio were all square-root transformed prior to inclusion, in order to meet the assumption of normally distributed residuals. A critical value of P = 0.05 was used for statistical significance. For multiple comparisons, the Tukey honest significant differences (HSD) test was used. The variance explained by each factor was estimated using omega-squared (ω 2 ), a test which is suitable for estimating effect size from small sample sizes (Keselman, 1975 ).
Results
Variability of decomposition rates between different substrates
Decomposition was greatest for the Molinia samples and slowest for the peat samples (Fig. 1) . In terms of total mass balance, the overall loss of C measured directly through mass loss of the substrate and by the total fluxes (DOC + CO2) were not equal. Whilst DOC fluxes were less than the total mass loss, the cumulative CO2 flux estimated by integration across the experimental period (sensu Neff and Hooper, 2002) was greater than the total mass loss. 
Carbon dioxide to DOC partitioning
The cumulative flux of CO2 was greater than DOC for all of the samples (Fig. 1 ). Mean CO2:DOC quotients ranged from 31.56 for Molinia to 68.67 for Sphagnum (all climate treatments pooled), indicating that proportionally more carbon was lost as DOC from Molinia than Sphagnum. Substrate was again the strongest factor explaining the variation in partitioning between gaseous and aquatic fluxes (P < 0.001). There was a significant relationship between total CO2 flux and DOC leached between groups when all data were pooled, indicating that DOC leaching increases with CO2 flux. However, this relationship was not observed within substrate groups.
The general trend was for an increase in the CO2:DOC quotient under UKCP09 future climate scenarios (Fig. 1 ). There was a statistically significant interaction between rainfall and substrate (P < 0.001), with the proportion of C lost as CO2 generally increasing under the UKCP09 (drier) rainfall scenario. Post-hoc tests revealed that drier conditions were only significant in changing the partitioning between gas and aquatic carbon fluxes for the peat (P Different letters denote statistically significant differences in means between substrates and asterisks denote significant differences between treatments for substrates based on Tukey HSD test (P < 0.05).
Relative importance and interaction between temperature and rainfall in controlling decomposition
Increasing temperature had a significant effect on decreasing DOC flux (P < 0.001) and increasing mass loss (P < 0.001). In addition, significant interactions between temperature and substrate (P < 0.001) and rainfall and substrate (P = 0.001) were seen for DOC flux and for mass loss (P = 0.007 and P = 0.035, respectively), indicating that the effect of simulated climate change depended on substrate type. For DOC, post hoc tests suggested that the interaction was only significant between temperature and Calluna, whereas for rainfall, there was a significant interaction between rainfall treatment and Calluna and rainfall treatment and
Sphagnum. This interaction between rainfall and substrate was not unidirectional, however, with the drier rainfall treatment increasing DOC in Calluna samples, but decreasing it in Sphagnum. With mass loss, only Sphagnum was close to being significant on its own.
Differences in cumulative CO2 flux between climate treatments (both temperature and rainfall) were non-significant (P > 0.05), though rainfall was close to the critical threshold (P = 0.075). No significant interaction between temperature and rainfall for any of the measures of decomposition was observed (CO2 flux, DOC flux or mass loss). 
Discussion
Carbon fluxes and decomposition rates between different substrates
The fluxes of CO2 and DOC, and the mass loss, were lowest from the peat samples litter is because more labile compounds are preferentially utilised by decomposers (Wieder and Lang, 1982) . This results in older peat being composed of progressively more recalcitrant materials (Broder et al., 2012) . In the field, these differences are likely to be even greater as decomposition of peat is further inhibited by anoxic and acidic conditions which prevail for longer at greater depths. Here, we used measures of C:N ratio and aromaticity to characterise the quality of the substrates. A high C:N ratio usually suggests recalcitrant litter, as N is limiting for microbes and can also stimulate the activity of certain enzymes (Bragazza et al., 2012) .
Here peat had the lowest C:N ratio, which could be due to retention of N containing compounds during the decomposition process (Kalbitz and Geyer, 2002). Aromaticity is another potential measure of decay resistance as aromatic polymers are characterised by structural and chemical recalcitrance. In this instance, peat had the highest estimated proportion of aromatic compounds (Table 1) , which could in part explain its low decomposition rate relative to the other substrates.
In terms of specific fluxes, Sphagnum produced the least DOC in line with previous observations of high retention of carbon in this species (Fenner et al., 2004) . Sphagnum also produced slightly more CO2 than Calluna, which was unexpected given the well documented recalcitrance of Sphagnum litter which has been shown to decompose much more slowly than The estimates of cumulative CO2 flux were approximately double the amount estimated from C mass loss, suggesting an overestimation of cumulative CO2 flux by integrating point measurements recorded here. This could partly be due to the measurement of some autotrophic respiration from peat roots in the earlier stages of the experiment, or an inadequate representation of night-time respiration rates. However, given that all samples were treated in the same way, and were well mixed to begin with, it is reasonable to assume that the observed differences between groups are robust.
Relative importance of gaseous and fluvial fluxes
The release of DOC during organic matter decomposition to surface waters is an important component of the peatland carbon budget . Little is known about partitioning between CO2 and DOC fluxes in peatlands (Bonnett et al., 2006 ). Herein, it was shown that Molinia produced the most DOC as a proportion of its starting mass, and peat produced the least. However, in terms of the ratio of CO2 to DOC, Calluna and mixed litter had the lowest ratios, signalling that a higher proportion of mass is lost as DOC than CO2 for these substrates, when compared with the others. Again, absolute values for CO2:DOC may not be accurate due to overestimation of measured CO2 fluxes, but comparisons between groups should still be robust.
Previous studies have reported DOC fluxes equivalent to over 20% of net ecosystem from Sphagnum and peat could be affected by climate change, but that the partitioning from other substrates was not affected, will be of interest to those modelling the response of peatland C balance as it indicates that DOC flux cannot be estimated from ecosystem respiration alone. It is also useful information for water treatment engineers who are trying to plan future climate-proof investments in treatment works, as these results imply that DOC could increase or decrease in the future, depending on the proportion of different plant species in the catchments, and the pattern of rainfall.
Effects and interactions between temperature and rainfall
Results 
Limitations of the study
The data presented here are a useful indication of the relative importance of different substrates as sources of DOC and CO2 fluxes, decomposition and the potential for changes in partitioning between CO2 and DOC under future climate conditions. However, these are laboratory based simulation experiments and are subject to constraints that must be taken into account when interpreting the results. Samples may have been exposed to more extreme drying conditions than under field conditions as moisture levels were not regulated by living vegetation and/or underlying water table, and the lack of a peat substrate beneath the samples from the vegetation groups could also have increased the loss of water and so negated any rainfall treatment effect. Ritson et al. (2017) found that any exposure to oxygen (during laboratory experiments) increased DOC from peat and changed the quality of the C.
The differences with the results presented here suggest a high sensitivity to the amount and frequency of the rainfall treatments. The findings of these laboratory experiments now need to be tested under field conditions.
Wider implications for our understanding of peatland carbon balances
While predictions about future rainfall patterns are variable, with both increases and decreases projected for northern latitudes (IPCC, 2014), models are in strong agreement that temperatures at mid-to-high latitudes will increase due to climate change (Murphy et al., 2009) , and that drought events are likely to become more frequent (Meehl and Tebaldi, 2004) .
While there are differences in both magnitude and direction of change between the substrates, the data here suggest that warmer summer temperatures and decreased rainfall could increase overall decomposition, reduce the flux of DOC, and subsequently alter the partitioning of carbon released during decomposition from DOC to CO2.
Other studies have suggested that the effect of climate change will be more through indirect effects on the composition of vegetation, with graminoids and dwarf shrubs being favoured over Sphagnum mosses in warmer, drier conditions (Kapfer et al., 2011; Weltzin et al., 2003) . Given the greater lability of the litter produced by these plant functional types, seen here in the greater decomposition of the Molinia samples, this could be a concern for climate change mitigation. However, in SW England, where these samples were collected, graminoids (Molinia) are already highly prevalent (Chambers et al., 1999) and so the effect may not be as severe, as climate-induced vegetation change may already have occurred. The shallow peat in this area suggests the area could have been sequestering C at a lower rate than other blanket peatlands, or even losing C, though further work looking at the entire C balance is needed to verify this.
In the field, it is likely that climate change may increase productivity, and therefore litter production, alongside any increase in decomposition rates. Studies have already provided evidence that warmer temperatures can increase rates of carbon sequestration at some northern latitude peatlands, due in part to longer and warmer growing seasons enhancing plant growth (Loisel and Yu, 2013) . Therefore, when interpreting the differences in decomposition rates of the different substrates in the context of in situ actual conditions, it is also important to consider their respective litter production rates and substrate supply (Ritson et al., 2016) . While Molinia showed the fastest decomposition in this experiment, it also tends to produce more litter than Calluna (e.g. Aerts, 1989) , so is likely to be a more significant source of C at the catchment scale. Also, while both substrates generally produce less "litter"
than Sphagnum (Bragazza et al., 2012) , this may change in a warmer, drier climate (Breeuwer et al., 2009 ). Further work is needed to take into account the effect of climate change on productivity and litter production, as well as on decomposition, to assess the likely impacts of climate change on the future carbon balance of peatlands.
Conclusions
This study has used short-term laboratory incubations of peat and peat-forming vegetation from a climatically marginal blanket peatland in SW England in order to assess the relative importance of different temperature and rainfall scenarios for the main C fluxes (CO2 and DOC) and their partitioning during short-term litter decay. The largest variation in C fluxes and total mass loss was seen between substrates, with smaller fluxes (cumulative CO2 and DOC) and mass lost from Sphagnum/peat compared to higher fluxes and mass loss from dwarf shrub/graminoids. The CO2:DOC ratio was lowest for Molinia and highest for Sphagnum.
Climate factors were important too, but the effect depended largely on the substrate. For example, while the future (drier) rainfall scenario increased the DOC flux from Calluna, it had the opposite effect for Sphagnum. Therefore, indirect effects on species composition in peatlands could ultimately turn out to be more important than direct effects of climate change from increased temperatures and decreased rainfall.
Upscaling of this work from laboratory to field is needed in order to confirm these laboratory-based findings and improve understanding of the likely impacts of climate change on C fluxes and decomposition in peatlands. Further work across natural climatic gradients is one way of addressing this research need, deploying a space for time substitution to understand future climate change.
